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ABSTRACT

Investigations of the pressure fluctuations under a turbulent
boundary layer, and the resultant vibration of simple panels, have been
extended to consider the vibration of stringer-panel arrays and the
intermittent pressure field in the boundary layer transition region.

The response of multi-panel arrays to turbulent boundary layer
excitation has been measured for a flow speed of 320 ft./sec. Displacement
spectra for the first band of modes, measured at the bay centres, have
been compared with results due to acoustic excitation at grazing incidence.
The vibration in the lower order modes is greater for the acoustic excita-
tion but the converse is true for the higher order modes. Displacement
cross correlation measurements show the presence of standing waves for
distances up to three bay lengths but the wave system breaks down over
larger distances.

A comparison of random techniques used in structural damping
measurements shows the autocorrelation decay method to be the most reliable.

Using specially constructed gating apparatus, pressure measure-
ments in the laminar-turbulent transition region show that the turbulent
spots are autonomous regions of turbulent boundary layer, with similar
pressure spectra. In addition there are low frequency pressure fluctuations
due to the disturbances produced by the pressure steps on the mean flow.

The background noise levels in the wind tunnel have been

measured.
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1. INTRODUCTION
1.1 General Survey

Since the advent of space flight and high speed civil flight
there has been considerable interest in the random pressure field produced
by a turbulent boundary layer. Topics of interest have included the sta-
tistical properties of the wall pressure field, the vibration of adjacent
structures, and the acoustic radiation caused directly by the pressure
fluctuations or indirectly by the structural vibration. As part of the
general investigation, a series of projects has been undertaken at the
University of Southampton, the work being based mainly on the specially
constructed boundary layer wind tunnel in the Institute of Sound and
Vibration Research. Certain items in the investigation have been concluded
and reported. Bull (1) studied the statistical properties of the wall
pressure field associated with a fully developed boundary layer. The
response of single panels to boundary layer pressure fluctuations was
investigated and discussed by Wilby (Reference 12).

Further results of the investigation are discussed in this
report. The structural work has been continued to include the vibration
of single panels when additional damping treatment has been applied. Also
the response of more complicated structures, composed of multi-panel
arrays, is discussed. When these larger structures are used there is a
tendency for the natural frequency range to be extended to lower frequen-
cies, unless the structural stiffness is controlled, and problems can
arise due to interference from low frequency noise in the tunnel. With
a view to the possible reduction of the acoustic field, noise measure-
ments have been made in the wind tunnel and the results are presented in
the report. Finally the work of Bull has been extended by investigating
the pressure fluctuations in the laminar-turbulent transition region.
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The instrumentation necessary for the investigation has been discussed in
Reference 1, but the experimental results are contained in the present report.

1.2. Structural Vibration

A brief survey was made by Wilby (Ref. 12) of theoretical and
experimental work by other authors on the vibration of structures exposed to
turbulent boundary layer pressure fields. It was shown that there was only a
limited number of experimental stuides, and in only one of these was the
multi-panel array considered. Thus the measurement of the vibration of
stringer-panel arrays, when exposed to boundary layer excitation, forms a
logical extension of the single panel measurements discussed in Ref 1. The
more complicated structures are, for obvious reasons, more representative
of practical structures than in the single isolated panel, and it is easier
therefore to extrapolate the results of laboratory experiments to include
conditions encountered in practice.

The measurements on a single panel do not show the way in
which the structural vibration and acoustic radiation are affected when the
structure is composed of a series of connected panels. To investigate this
it is necessary to consider the scale of the excitation pressure correlations
relative to the panel bay dimensions and to measure the vibration correlation
between pairs of adjacent and separated panel bays. The noise radiated by
the panel array will depend on the degree of correlation of the panel vibra-
tion, and on this will depend also the manner in which the results for single
panels can be extrapolated to full-scale conditions.

The size of the experimental panels is limited by the dimen-
sions of the boundary layer wind tunnel working section, and by the require-
ment that the boundary layer conditions should be approximately uniform over
the surface of the structure. These limitations mean that only model, rather
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rather than full-scale, structures can be used in the experimental
study.

The structural investigation reported in Reference 12
included a study of the use of random techniques in the measurement of
modal damping, with reference to the measurement of damping in the
presence of an airflow. Under these conditions the use of discrete
frequency excitation is not possible and the random methods provide
suitable alternatives. It was found that, for the lightly damped
panels when the narrowest filters available had bandwidths which were
greater than the resonance bandwidths, the response autocorrelation
decay method provided the most reliable estimate of the modal damping.
However, before general conclusions can be drawn, it is necessary to
consider the relative accuracy of the methods for a range of values
of the frequency ratio, defined by the ratio of the filter bandwidth
to the bandwidth of the resonant peak. This can be done by varying
the filter bandwidth when the damping is constant, or by varying the
damping when the filter bandwidth remains constant. The second
alternative has been chosen for the present investigation because it
permits also the measurement of the effect of damping on the boundary
layer induced vibration. The structures chosen are single panels
which are similar in design to those used in the earlier work.

1.3. Tunnel Noise

The noise in conventional wind tunnels has been measured
by several authors with a view to the silencing of the noise from the
propulsive unit. In the present investigations the wind tunnel has
been specially designed to have low noise and vibration characteristics
in the working section but even so, in common with other boundary
layer wind tunnel facilities, it is found that significant low
frequency noise is present. There is very little experimental or
theoretical information regarding the relative importance of possible
noise sources: tunnel inlet noise, noise radiated by the turbulent
boundary layer, or noise transmitted from the injector through the
subsonic boundary layer. Hence a project was started, to measure the
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noise distribution in the tunnel subsonic working section, with the
intention of identifying the most important sources. Not until the
sources are positively identified can attempts be made to reduce the
acoustic interference field and extend the available frequency range
for future boundary layer investigations.

1.4. Laminar-Turbulent Transition Region

The measurement of wall pressure fluctuations and
structural vibrations discussed by other authors and, previously, in
the investigations in the Institute have been concerned with fully
developed turbulent boundary layers. Little attention has been paid
to the transition region which precedes the fully developed turbulence
and no measurements have been made of the fluctuating pressures which
will occur on the wall beneath such a region of intermittent
turbulence. From a practical point of view the transition region is
of interest because it is not known whether the pressure fluctuations
cause greater cacoustic radiation or panel vibration than in the
regions of fully developed turbulence.

Transition in the present context is the name given to
the change of regime which oécurs in most practical flows; it is a
change from an ordered and systematic flow to a disordered one which
can be described only in statistical terms. It is possible to show
theoretically that the flow becomes unstable at a critical Reynolds
number but beyond this stage the analytical solution becomes too
complex and recourse 1is to experiment. The instability leads to
the appearance of a spot of turbulence which is convected downstream,
diffusing and mixing with other spots which appear with random
incidence in a limited streamwise region of the flow, i.e. in the
transition region. Eventually the boundary layer flow consists
entirely of intermingled spots and forms the fully developed turbulent

boundary layer further downstream. The incidence of the spots
R I



follows a probability distribution and appears effectively on the
surface as an ever increasing probability, past a certain point, of
finding turbulent flow. Moving down the surface presents, on the
average, a continuous change from all laminar, through varying
proportions of turbulent, to fully turbulent flow.

While an adequate theory is available for predicting the
onset of the instability, almost nothing is known of the way in which
a spot appears, or of the way the structure of the spot is related to
the fully developed turbulent flow. To what extent the turbulent
boundary layer merely has the properties of mixed turbulent spots is
unknown. Thus the aim of the present work was to study the pressure
fluctuations associated with intermittently turbulent flow found in
the transition region, to relate them if possible to other features
of the transition process, and to make comparisons with other fairly
well established results for the wall pressure field of the turbulent
boundary layer. It was not intended to investigate the transition
mechanism itself, for which the measurement of such a complex
parameter as the wall pressure is probably much less appropriate than
the refined techniques developed by Schubauer, Klebanoff and others
at the National Bureau of Standards.

It was found in preliminary measurements that the boundary
layer wind tunnel at the Institute did not provide suitable conditions
for the transition region measurements and this investigation, unlike
all the others undertaken in the overall program at the Institute, was
carried out in a low speed wind tunnel. However the results can be
compared with those of Bull measured in the boundary layer wind tunnel
under fully turbulent conditions. The Reynolds number, based on the
boundary layer momentum thickness, was 5,000 to 50,000 for the
measurements of Bull, and 800 to 1,500 for the present transition
region measurements.
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2. PRESSURE FLUCTUATIONS IN THE LAMINAR-TURBULENT TRANSITION REGION

2.1. Introduction

The investigation of the pressure fluctuations in the
laminar-turbulent transition region of a boundary layer was carried
out as an extension of the work of Bull (1) in the fully developed
turbulent boundary layer. In keeping with this concept no attempt
has been made to extend the work to cover the mechanism of transition
itself, for which there are more powerful methods available already.
A considerable proportion of the work in this investigation has been
concerned with the development of instrumentation which is suitable
for the unusual flow under examination. This development work has
been described previously (Reference 1) so that detailed descriptions
of the instrumentation need not be given here. The discussion in
this chapter will be restricted mainly to the results of the
investigation.

2.2. Instrumentation

The investigation was carried out in a low speed wind
tunnel which was adapted to reduce the ambient noise levels as much
as possible. A new working section made from acoustically inert
fibre board was fitted to the tunnel, and existing areas of sheet metal
construction were coated with a damping material. The general
arrangement of the tunnel is shown diagrammatically in Figure 1.  The
working surface was formed by a 0.25 inch thick brass plate, highly
polished and with a 6° wedge cut under the leading edge. Transition
was controlled by altering the pressure gradient by means of flexible
tunnel liners.

The desirability of using low speed flow for this
investigation is evident when a general study is made of the conflicting
requirements involved. Referring to Figure 2 it is clear that at
low speeds, whilst the signal-to-noise ratio (as shown by the vertical

separation between the lines for 0.006 g and for tunnel noise)
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improves, there is a lower limit set by the instrument noise. Tunnel
airspeeds of approximately TO ft./sec. were chosen for this
investigation. The requirements are even more restrictive when con-
sideration of the frequency spectrum of the various signals is
included. Improvements on the frequency range used for these
experiments will probably come from lower speed investigations in a
specially muted tunnel.

The wall pressure fluctuations were measured using a
pin-hole microphone which was constructed by placing a Bruel and Kjaer
3 inch diameter microphone behind a& 0.030 inch diameter hole in the
brass plate. (See Reference 1). The system had an adequate
sensitivity but suffered from frequency limitations which occurred
when the pin-hole cavity acted as a Helmholtz resonator. The effects
on phase were even more severe, typical calibration curves being shown
in Figure 3. Turbulence measurements were made using a hot wire
anemometer constructed from tungsten wire with a diameter of 5 microns.

The gating apparatus, which forms the centre of the
experimental method, has been described in detail in Reference 1. The
operation of the instrument is difficult when the signal-to-noise ratio
is poor ( < 10 dB), and experience in using the apparatus is necessary
if meaningful results are to be obtained.

2.3. Mean Flow Parameters

The values of some of the mean flow parameters measured
in the laminar layer have been presented in Reference (1). In
addition, measurements and calculations relating to the fully turbulent
boundary layer have been made with a view not only to confirming the
existence of a turbulent boundary layer with characteristics close to
those normally found, but of estimating the wall shear stress in the
turbulent spots.

Measurements of the mean flow parameters were made using
a pitot tube in conjunction with a static tapping on the wall. The
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results at the three measuring stations are shown in Figures 4 and 5,

plotted in terms of Coles' form (2) for the velocity profile

x u* n(x,)
) _ e log, 2 %0 w(x2/5)
u* K v K
W W

where Kw = 0.4, Cw 5.1 and n(xl) is a parameter determined by

the flow conditions. The agreement is seen to be satisfactory.

Calculation of the wall shear stress has been made using
Buri's method (3), with the measured pressure distribution in the
*
-E— , for the
pressure gradients corresponding to turbulent and lamifiar flow at the

tunnel shown in Figure 6. The resulting values for

measuring station are shown in Table I, together with the measured
values from Figure k. It is seen that there is good agreement between
the results, and there is little variation in the wall shear stress
over the range of pressure gradient encountered in changing the
intermittency.

2.4. Distribution of Turbulent Spot Periods

In order to correct for the effect of the intermittent
nature of the flow on the measured frequency power spectra it is
necessary to measure the distribution of the periods of the turbulent
spots. The method used to do this is based on the use of the gating
apparatus (1) to produce an electrical pulse of length equal to that
of the turbulent spot, and an auxiliary piece of apparatus which
operates in the following manner.

Imagine a counting unit which will count to 16 only.

This is so constructed that upon reaching 16 no further counting occurs
b1t one output pulse is produced. This unit is supplied with a
periodic signal which has passed through the gate of the gating
apparatus. At the end of each turbulent spot, when the gate is closed,

a zero pulse is used to return the counter to zero. If now the
T



TABLE T

Wall Shear Stress

Position 2 3
Distance from leading edge 16 25
(inches)
Measured:-
*
%— (Profile) 0.0426 0.046T 0.0L446
(o]
Calculated:-
*
llj-— (Turbulent ) 0.0L49k 0.0468 0.0436
o]
*
}ﬁ‘— (Laminar) 0.0L49k 0.0463 0.0L00
o
TABLE II
Period and Angle of Spread of Turbulent Spots
Position 1i 2 3
Preferred period (seconds) 0.0036 0.0070 0.0220
Angle of Spread (degrees) 3.3 2.8 5.8
Ry 336 410 570




frequency of the periodic signal is 1600 c.p.s. (for example), when

a spot passes the microphone the gate opens and the unit starts
counting. If the duration of the spot is, say, 0.009 second then 1k
complete cycles will be counted but as this does not exceed 16 no
output is produced. If the duration of the spot was 0.015 second, a
total of 24 complete cycles would be passed by the gate, although only
the first 16 would be counted, and a single output pulse produced.

By repeating with a number of different frequencies, the integral
distribution of spot lengths can be built up. The probability density
is found by differentiating this distribution.

The results show that there is a preferred period
associated with each measuring station, and that most of the spots have
a duration which is fairly close to this period. For each measuring
station, the preferred periods are shown in Table II.

The most probable explanation for the preferred period
is that most of the spots originate at the leading edge of the plate.

If this is assumed, and it is also assumed that the geometry of the

spots is the same as that described by Schubauer and Klebanoff (L), then
the corresponding angle of spread in each case has the value shown in
Table II. It is seen that the rate of spread is increasedat station 3;
the value of 5.80 is the average of spreading at about 3° followed by
spreading at a greater rate. If it is assumed that the greater rate of
spread starts just downstream of station 2, the true local angle at
station 3 is 11°.

These results for the rate of transverse contamination
agree with the results of Schubauer and Klebanoff (L) obtained from an
examination of photographs of the hot wire signal in the transition
region.

2.5. Statistical Properties of the Fluctuating Wall Pressures

2.5.1. Variation of Pressure Intensity with Intermittency

The pressure was measured using a pin-hole microphone
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TABLE III

Measured Overall Root Mean Square Pressures

Station

Resolution Correction
L

P /-rW

Rg

2.6
6.65

800

1.30
2.35

1100
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mounted in the surface of the flat plate under test, and the intensity
was determined, using the apparatus described in Reference (1), by
squaring and integrating the pressure signal. Before analysis the
pressure signal was filtered to remove low frequency interference, so
that an acceptable signal-to-noise ratio could be achieved.

Because of the design of the wind tunnel used for the
experiments, variations in the flow conditions external to the boundary
layer occur when changing from laminar to turbulent flow over the
measuring station. These variations have associated with them changes
in the surface shear stress in turbulent spots, and hence in the
observed intensity of the pressure fluctuations. An estimate of the
variation of the intensity is obtained from the variation in shear
stress, and it is shown in Table I that the latter change is small.

Subject to certain statistical restrictions described
by Corrsin (5), the observed mean square pressure p2 of a signal which

consists of a continuous noise component pi and a component which

2

T intermittently, is

contributes p
2 2
p° = ypg + p- (2.1.)

where the intermittency <y is the fraction of the time for which o
is present. If pg is constant then, from equation (2.1) there is a
linear relationship between the observed mean square pressure and the
intermittency. The present measurements of p2 and Yy do not show such
a linear variation and this may be due to a functional relationship
between p; and y, as has been suggested previously (1). Alternatively
it is suggested here that the major part of the non-linearity is due to
the effect of the disturbance of the external flow by the turbulent spot
which takes the form of a static pressure step.

The magnitude of the pressure step effect, pg, will
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depend on the length to thickness ratio of the spot, and on the
differences in velocity between the spot and the external flow, but the
effect on the observed mean square pressure is similar to associating a
static pressure increase with the spot. The mean square pressure

observed with an A.C. coupled meter is then, after Corrsin (5),

p° = vpg + pﬁ + ng(l-ﬂ (2.2.)
Direct measurements of this effect have been made by introducing a
series of known D.C. shifts into the pressure signal of each turbulent
spot, and correlating these signals in turn with a reference signal
which is non-zero only during the passage of a spot, when it has some
constant value. The results of these measurements agree with the
observed departure from linearity of the p?:y graphs, and show that
the effect contributes an extra 25% to the observed intensity or
r.m.s. pressure at intermittencies of 0.5 (where the effect is greatest).
Whereas the intensity of the turbulence is proportional to the wall
shear stress, the magnitude of the pressure step is governed by the
free stream velocity and the geometry of the spot.
The magnitude of the intensity is very difficult to
estimate accurately in these experiments due to:-
(a) background noise, which accounts for 50% of
the total observed signal,
(b) limited microphone response, which underestimates
the high frequency contribution.
and (¢) limited microphone resolution, which can be allowed
for, in part, by a correction factor such as used
by Bull (1, Part I), but the magnitude of the
factor becomes very large in the present case.
The best estimate of the root mean square pressure p'
in terms of the wall shear stress T is shown in Table III, together
I



with the estimated resolution correction and the associated Reynolds
number BG based on the momentum thickness. With the exception
of station 1, the results are in good agreement with those for other
experiments (e.g. Reference 1, Part I Figure 25).

2.5.2. Pressure Power Spectral Density

The power spectral density of the wall pressure
fluctuations in the laminar-turbulent transition region of the boundary
layer was determined from pressure measurements analysed in third-
octave bands using a Bruel and Kjaer Spectrometer Type 2112. The
results have been reduced to non-dimensional form using wall shearing
stress T free stream velocity Uo’ boundary layer thickness §
and intermittency y.

The observed spectrum is the result of contributions from
not only the wall pressure fluctuations, but also the acoustic noise
in the tunnel. Moreover the spectrum of the wall pressure fluctuations
is disturbed by the intermittent flow.

The contribution from the tunnel noise is confined mainly
to the low frequency part of the spectrum and the components could be
attenuated by means of a filter. For this reason the spectra are
quoted for a frequency range such that the associated Strouhal numbers
are greater than about 2.

In order to compensate for the distortion of the spectrum
by the intermittent nature of the signal, it is necessary to measure
the relative proportions of spots of a particular length, as discussed
in Section 2.4. It may be shown (6) that the correlation coefficient
RP(T) of the pulse signal corresponding to the incidence of the
turbulent spots, is

R (z) = J Egl ds (2.3.)

where s is the probability density function for the turbulent spot
length. Then the correlation coefficient Rl(r), which will be
o |}



observed in an intermittent signal, is related to the fully turbulent

correlation coefficient R(t) by

Rl(t) = RP(T) R(1). (2.4.)

If the Fourier transform of Rl(T) is determined, the degree of
distortion of the spectrum may be deduced, and it is found that for
the distributions described in Section 2.4, the error in the observed
spectra is negligible for the frequency range of interest.

Spectra measured at each of the stations are shown in
Figure T, and it is seen that, within the restricted frequency bands,
reasonable consistency exists between the present results and those
of Bull (1) for fully developed turbulent boundary layers. The
frequency band is limited at the lower end by the unfavourable signal-
to-noise ratio, and at the upper end, at the indicated Strouhal
numbers, by the inadequacy of the measuring microphone system. However
the results suggest that the turbulence in the spots in the transition
region is similar to that in fully developed turbulent flow.

2.5.3. Pressure-Velocity Correlations

Measurements have been made of the correlation between
the wall pressure and the longitudinal component of velocity, denoted
as the p-u correlation function. The role of this particular function
in the pressure generation process is an indirect one; the interest
in the present case however is not so much concerned with this process
as with the comparison between the present results and the form this
correlation function is observed to teke in the fully turbulent layer.

Measurements of p-u correlations in the fully developed
turbulent boundary layer have been made previously (1,7,8) and the
features of the curves have been established, e.g. a zero crossing at
a time delay related to the position of the hot wire anemometer in the
layer. The degree of correlation is characterised by the difference
between the greatest positive and negative values.
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Severe bandwidth restrictions were necessary in the
present case due to tunnel noise at the low frequency end of the
spectrum and the phase change in the microphone system (Figure 3) at

high frequencies. The frequency band was limited, therefore, to

wd . : . . .
2 < T € 3.5, It 1s not easy to estimate the change this filtering

)
makes to the magnitude of the correlation function. The best that

can be said of the present results from this point of view is that the
results obtained in the fully turbulent layer are consistent with
those obtained in the intermittent flow of the transition region
(see Figure 8).

The way in which the magnitude varies across the layer
is shown in Figure 9, which compares favourably with results quoted
in (1,7,8). The variation of the time delaywith local mean velocity
(Figure 10) shows that the convection speed of the pressure disturbance
is in fact the local mean velocity, again in keeping with other results
from fully developed layers.

2.6. Discussion

It has been shown that the behavior of the various
parameters of the wall pressure fluctuations observed in the transition
region is very similar to that observed in the fully developed
turbulent layer. This is true not only for comparison with the fully
turbulent layers in this investigation, but also with the equivalent
measurements by other investigators. There are reservations in using
the p-u correlation measurements, for the reasons discussed in Section
2.5.3., but the spectra measurements, which cover a range of
disturbances ranging from about 0.5 to 5 times the spot thickness, are
significant. If the extrapolation is made, using the spectra of Bull
(1), to frequencies above those measured, the conclusion drawn is that
the spots look like pieces of a turbulent boundary layer.

This picture is not entirely consistent with the
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accepted view of the structure of turbulent wall flow since it

poses difficulties in introducing mean flow energy into the turbulence.
These difficulties can be countered if it is supposed that the trailing
edge of the spot is responsible for the energy extraction. There is

a priori evidence for this in that the spot is growing by extending its
trailing edge. Similar behaviour has been observed by Lindgren (9)

in pipes.

2.7. Conclusions

From the results of this investigation it has been
concluded that:-
(a) Two states exist in the growth of turbulent spots in a
laminar layer. For Reynolds numbers (based on laminar momentum
thickness) less than 500 the lateral spread is about 3°, above this
Reynolds number, it is about 11°. A similar result has been obtained
by Schubauer by a method different from the present one.
(b) In addition to the wall pressure fluctuations contributed
by the turbulence, there is an added component in the transition region
due to disturbance of the mean flow by the turbulent spots, amounting
to an intensity p'/q of about 0.005 when the length :thickness ratio
of the spots is not less than 15. This could give rise to localized
structural excitation, but at frequencies well below those arising
from turbulence.

(e) Within the frequency band for which the Strouhal number

ﬁﬁ is between 2 and 20, the spectrum of the wall pressure fluctuations
wgthin the spots scales in the same way as in the fully turbulent layer.
The Reynolds numbers in these experiments were between 800 and 1500.

(a) Within the frequency band for which the Strouhal number
is between 2 and 3.5 the correlation between the wall pressure
fluctuations and the longitudinal component of velocity is similar to
that in the fully developed turbulent boundary layer.

(e) On the basis of the close similarity between the nature
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of the pressure fields it is suggested that the turbulent spots act like
small autonomous pieces of turbulent boundary layer. A model of the energy

transfer mechanism consistent with these conditions is proposed.
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3. WIND TUNNEL NOISE

3.1. Introduction

Experimental investigations of the turbulent boundary layer
pressure field in wind tunnels have been carried out by several authors
and the measured spectra show large differences at low frequencies,
where the measured pressure spectral density may change rapidly with
frequency. These variations are not characteristic of the turbulent
boundary layer pressure fluctuations and the phenomenon has been
attributed to the presence of background acoustic noise in the tunnel.
The acoustic disturbances distort the measured boundary layer pressure
spectrum and introduce errors in the measurement of the overall root mean
square boundary layer pressure. Furthermore, when the tunnel is used
for the study of structural response, or for the study of the noise
radiated by the excited structures, the low frequency vibration and noise
radiation will be influenced by the tunnel acoustic field.

In the investigation of boundary layer pressure fluctuations,
the background noise can be eliminated if the pressure spectrum is
measured only in the frequency range above the range of interference, by
the use of high pass filters. However, corrections have to be made to
the overall root mean square pressure. In structural vibration measurements,
the filtering technique was used by Baroudi (10) when interference occurred
in the frequency range containing the lower order panel natural frequencies,
but the method suffered from the disadvantage that valuable information
was lost. The problem can be minimised if the experimental structures
are designed so that the lowest natural frequency is above the frequency
range of acoustic interference. This method was adopted by Maestrello (11)
and Wilby (12), but it places a restriction on the structural specimens
which is difficult to maintain for larger structures, unless the structural
stiffness is controlled.

The noise levels in general purpose wind tunnels have been

measured by several authors (e.g. 13, 14), where the problems were
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associated with reducing the noise of the propulsive units. Measurements
of acoustic radiation from the boundary layer in a supersonic wind tunnel
have been carried out by Laufer (15) using hot wire anemometers to detect
the acoustic disturbances in the free stream. Laufer showed that the
overall root mean square pressure in the radiation field could be related

to the wall shear stress, but the magnitude of the pressure was an order

of magnitude lower than at the wall surface. The non-dimensional spectra
showed that the energy in the acoustic field was predominantly low frequency
when compared to the wall pressure field. Measurements by Bull (16) in the
boundary layer wind tunnel at Southampton showed the existence of a back-
ground noise field but the noise sources were not identified. The noise
was predominantly low frequency, in agreement with Laufer. The present
experimental investigation of the noise level inside the boundary layer
tunnel was carried out to determine the noise distribution in the tunnel and
to attempt to identify the noise sources.

3.2. Theoretical Considerations

3.2.1. Noise Sources

There are several possible sources of noise in a wind tunnel and
usually the most important is the fluid propulsive unit. The form of the
unit, and hence the noise spectrum, will vary with the type of tunnel. In
general the tunnel will be fan driven or operate from a compressed air supply
as a blow-down tunnel or an injector tunnel. In the present investigation the
tunnel is of the induced flow type and fan noise will not occur. The
radiation of noise from the injector into the tunnel working section has been
reduced by the insertion of a sonic choke between the subsonic section and
the injector, but noise can still be transmitted through the subsonic boundary
layer.

The noise levels in the tunnel may arise also from the amplification
of disturbances by the tunnel inlet contraction, or from the acoustic radiation
from the turbulent boundary layer itself.

3.2.2 Boundary Layer Radiated Noise

The radiation of noise from a turbulent boundary layer has been
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studied theoretically by several authors, and it is of interest to consider
the results in relation to the present experimental conditions.

The work of Lighthill, on the generation of aerodynamic noise by
turbulence in the absence of solid boundaries, was extended by Curle (17)
to include the more general case when solid boundaries were present. Curle
separated the acoustic radiation into two components, one component having
the quadrupole-type properties associated with the unrestricted flow
(although effects due to the solid boundaries were included), and the
other having the form associated with dipole radiation. Under the
assumptions that the surface dimensions of the solid boundary were small
compared to the acoustic wavelengths, and that the observer was sufficiently
far from the surface for free field conditions to be valid, Curle showed
that the dipole radiation was the more important. Then the radiated
acoustic power was proportional to the sixth power of the free stream
velocity.

The importance of the dipole term will decrease when the surface
dimensions increase, and under such conditions the quadrupole-type contri-
bution has to be included. The case of large surfaces has been considered
by several authors, including Powell (18) and Williams and Lyon (19), who
have shewn that the dipole source strength vanishes on infinitely large,
flat surfaces. The result does not apply, however, to plates with surface
curvature, or to finite plates where edge effects may become significant.
In both of these exceptions, dipole contributions have to be considered.

On a dimensional analysis Williams and Lyon showed that the far
field acoustic radiation intensity from a turbulent boundary layer on an
infinitely large, flat plate, exhibited the an law associated with quad-
rupole radiation. However the relative importance of the dipole and
quadrupole radiation from a finite plate is difficult to establish, even in
the far field. For example, the dimensional analysis requires a knowledge
of the constants of proportionality, and the magnitude of the constants is
in dispute, suggested values differing by several orders of magnitude.

A survey of the current theoretical results suggests that the

intensity of the boundary layer radiated noise inside a wind tunnel will

- 2] -



follow a velocity law which is intermediate between U06 and an. However
the theoretical results apply to far field conditions only, the near field
case having been omitted due to the greatly increased complication of the
analysis. The experimental results of Laufer (15) in a supersonic wind
tunnel indicate that, for a constant Reynolds number, the radiated intensity
is proportional to the square of the free stream dynamic pressure.

3.2.3 Tunnel Inlet Noise

The general shape of the settling chamber and contraction in the
tunnel inlet is similar to that of an acoustic horn. Figure 11 shows that
the contraction has a zero rate of change of area at that junction with
the tunnel working section, so that it can be represented, in the ideal case,
by a catenoidal horn. From Morse (20), using Rayleigh's law of reciprocity.
(21), the contraction can be considered as a hearing trumpet, with a predicted
cut-off frequency of 91:9 ¢.p.s.Theoretically the transmission coefficient at
the cut-off frequency f| is infinite. At frequencies below £ there is
zero transmission and at frequencies greater than fc the transmission
coefficient falls quickly to an asymptotic value of unity.

3.3 Experimental Investigation

3.3.1. Instrumentation

The noise measurements were carried out in the 9 inch x 6 inch
subsonic working section of the boundary layer wind tunnel at the University
of Southampton. The general arrangement of the tunnel is shown in Figure 11,
and the construction and operation of the tunnel have been described briefly
in (12) and in detail in (1, 16). The microphone and supporting aerofoil
were mounted on a 6 inch diameter plug which could be inserted in a series
of measuring positions along the length of the tunnel working section.

The most important problem in the measurement of the noise in the
tunnel is that of designing a measuring probe which will not change the noise
field when the probe is inserted into the airflow. It was found that this
condition was not satisfied completely by any of the microphone systems used,

but the two systems finally adopted were those which created the minimum
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disturbances. The acoustic disturbances created by the microphone systems
in the presence of the airflow were measured by means of a flush mounted
microphone in the wall of the tunnel settling chamber.

In the preliminary measurements, Bull (16) used a 3 inch diameter
Bruel and Kjaer condenser microphone which was mounted in a rigid aerofoil.
The aerofoil was carefully faired into the tunnel side wall (Plate 1), but
the microphone could not be traversed across the tunnel working section.

The microphone diaphragm was enclosed in a nose cone so that a smooth fairing
was presented to the airflow, the microphone pointing in the upstream direction.
The aerofoil did not affect the low frequency noise in the tunnel, the noise
being monitored in the tunnel inlet, but the noise level increased at
frequencies greater than 1,000 c.p.s, as is shown in Figure 12.

Similar microphone-aerofoil systems were constructed using 3 inch
and & inch diameter microphones which could be traversed across the tunnel
working section. However to achieve this movement the fairing on the
aerofoil had to be reduced considerably and the aerofoil mounting became
less rigid. These changes resulted in an increase in the acoustic distur-
bances which prohibited the use of the systems for tunnel noise measurement.
Thus a second system, shown in Plate 2, was constructed. The microphone
and nose cone mounting shown in Plate 1 was replaced by a microphone probe
tube, with an outside diameter of 0.08 inch, approximately, and a length of
5 inches. The tube was inserted along the span of a thin aerofoil, the
open end of the tube being flush with the hole in the tip of the aerofoil,
and the system produced an acceptably low change in the tunnel noise field
(Figure 13). The probe tube was calibrated, following the procedure
recommended by Bruel and Kjaer, by means of a noise source in a small cavity,
and fine wire wool was inserted in the tube to obtain optimum damping of the
acoustic resonances. The final calibrationcurve is shown in Figure 14. At
frequencies greater than 2,000 c.p.s. the probe response falls rapidly, btut
the present investigation is concerned mainly with frequencies below 1,000

c.p.s. so the freguency response is acceptable.
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Under operating conditions the static pressure in the boundary layer
wind tunnel is below atmospheric pressure. This does not create difficulties
in the operation of the fixed aerofoil because the microphone capsule and
cathode follower are contained within the tunnel working section. FHowever,
difficulties did arise with the probe microphone, where the capsule and cathode
follower were mounted externally tc the tunnel. It was found that air leaks
occurred, via the cathode follower, into the capsule, and a pressure differential
was created which reduced the sensitivity of the probe when the tunnel was in
operation. The problem was overcome by placing the microphone capsule and
cathode follower in an enclosure whose pressure could be equalised with that
in the tunnel working section.

3.3.2. lNoise Measurements

The noise field in the wind tunnel has been measured at two flow speeds
of 329 ft./sec. and 540 ft./sec., with nominal Mach numbers of 0.3 and 0.5
respectively. Noise levels were measured at positions along the tunnel centre
line, and traverses across the tunnel were made at four positions along the
working section.

Figure 15 shows the noise levels measured along the tunnel centre
line using the fixed aerofoil microphone and the probe tube microphone. At
the downstream measuring positions the two microphone systems show good agreement
but at the upstream positions the probe microphone indicates higher noise levels
than does the fixed aerofoil system. The difference may be due to turbulence in
the probe orifice, or to directional properties of the fixed aerofoil microphone
if sound waves are propagated in the upstream direction, but it was not possible
to identify the main cause of the differences. None of the results in the figure
shows the presence of a standing wave system in the wind tunnel working section.

Both sets of results in Figure 15 show an increase in noise level in
the downstream direction, the increase measured by the fixed aerofoil being
9 dB approximately, whereas the increase measured by the probe tube microphone
was only 1 dB approximately. However both microphones show a similar variation
in noise level with flow speed, the change being T+5 dB for the probe tube

results and 8 dB for the fixed aerofoil. This compares with an 8 dB increase in
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the total intensity of the boundary layer pressure field. In terms of
velocity alone, the variation implies that the noise intensity is pro-
portional to U" where the mean value of n is n = 3<6. If the change
in air density is taken into consideration, the noise intensity can be
expressed in terms of qk where q 1is the free stream dynamic pressure
and k has a mean value k = 1+95., Thus the overall pressure fluctuatbns
measured by the microphones are proportional to the dynamic pressure and
hence to the boundary layer fluctuating pressures. This result is in
agreement with the experimental results of Laufer (15) but in contradiction
to the theoretical predictions based on the far field radiation. However,
the results of Laufer showed that the noise field was 19 dB to 26 dB below
that of the boundary layer pressure field, whereasthe results in Figure 15
show a difference of 15+5 dB, based on the fixed aerofoil measurements,

or 11+5 dB based on the probe tube microphone measurements.

Typical noise traverses, measured across the tunnel working section
by the probe tube microphone, are shown in Figure 16. The noise level is
a minimum on the tunnel centre line and increased markedly when the probe
enters the turbulent boundary layer. The increase does not indicate, necessarily,
a change in the acoustic field, since the microphone will react to hydro-
dynamic pressure fluctuations in the boundary layer. At thewall the measured
pressures are about 4 dB higher than the levels measured by Bull (1) using
flush mounted transducers. The difference will be due, at least in part, to
the increased disturbance made by the aerofoil, which did not make a flush
surface with the tunnel wall. Analysis of the measurements does not show the
presence of standing waves across the tunnel working section.

Noise spectra measured by the two microphone systems are compared
in Figure 17. The spectrum measured by the fixed aerofoil is similar in
shape to that measured by the probe microphone, although there is a slight
deviation at the higher frequencies. When the probe microphone is withdrawn
towards the tunnel wall there is a general increase in the spectral density
level, without the appearance of any frequency dependent variations which

would indicate selectivity due to resonances.
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3.3.3. Tunnel Inlet Noise

It has been suggested that the low freguency noise level in the
tunnel may be due to amplification of low frequency disturbances in the
tunnel inlet, and it has been shown in Section 3.2.3 that the inlet
contraction could act, in theory, as an amplifier of low frequency acoustic
disturbances in the range of 92 c.p.s. to 300 c.p.s. approximately

The acoustic amplification due to the contraction was measured
in the absence of airflow. A loudspeaker was placed in front of the inlet
to the tunnel and the noise levels were measured in the tunnel settling
chamber and in the working section. The resulting spectra are shown in
Figure 18 and it is seen that amplification occurs within a frequency range
of about 50 c.p.s. to 500 c.p.s., which is similar to that predicted for
the very idealised system in section 3.2.3. The maximum amplification
measured is 13 dB at frequencies in the neighborhood of 110 c.p.s.

Noise spectra measured in the tunnel settling chamber and working
section are shown in Figure 19 for several different inlet conditions. The
honeycombs and gauzes were fitted in the tunnel inlet to provide low tur-
bulence conditions in the tunnel working sections. The noise measurements
in Figure 19 show that the screens did not affect the tunnel noise levels
significantly, either in the settling chamber or in the working section.
The difference in the spectral density level between the settling
chamber and the working section varies from 25 dB at a frequency of 100 c.p.s.
to 21 dB at 500 c.p.s. This change is larger than that associated with the
amplification measured in Figure 18 and the results indicate that the noise
level in the working section does not arise from the magnification of
disturbances at the tunnel inlet.

3.3.4. Comparison with Boundary Layer Spectra

The effect of the tunnel noise field on the wall pressure field
can be estimated by combining the pressure power spectra for the two sources.
This can be performed directly if it is assumed that the noise field at the
centre of the tunnel is not altered significantly when passing through the

boundary layer, and that the boundary layer spectrum can be extended to low
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frequencies by the use of the empirical non-dimensional spectrum. Measured
acoustical and estimated boundary layer spectra are combined in Figure 20
for a Mach number M_ = 0.3 at a position 416 inches downstream from the
tunnel datum. The combined spectrum is found to be very similar to that
measured by Bull at the tunnel wall. This provides confirmatory evidence
that the noise levels measured in the tunnel are essentially those present
before the insertion of the microphone, and are not purely self-induced by
the airflow over the microphone.

3.4 Summary

Noise levels have been measured in the working section of the
boundary layer wind tunnel, but no evidence of standing wave systems has
been found in either the streamwise or lateral directions. In the lateral
direction the measured noise levels were a minimum on the tunnel centre
line, but they increased closer to the wall due to the combined effect of
the acoustic field and the turbulent hydro-dynamic field in the boundary
layer. Vhen the measured acoustic spectra and the predicted boundary
layer spectra are combined the resulting spectra are similar to those
measured by Bull using flush mounted transducers in the tunnel wall.

The tunnel inlet honeycombs and gauzes have no measurable effect
on the noise levels in the working section. The acoustic horn effect, or
rather the hearing trumpet effect, of the inlet settling chamber and
contraction amplifies acoustic signals in the frequency range 50 c.p.s. to
500 c.p.s. but the amplification is not sufficient to account for the noise
levels in the working section.

The source of the noise in the wind tunnel has not been located
with certainty and further measurements will be necessary before the
relative importance of the acoustic radiation from the boundary layer and
the injector can be established. However, the overall acoustic pressure
in the tunnel is proportional to the free stream dynamic pressure and to
the boundary layer root mean square pressure, whereas the acoustical
radiation from the injector should be independent of the flow velocity in
the subsonic section. This suggests that the noise levels are associated

with radiation from the turbulent boundary layer.
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L, THE VIBRATION OF PANELS WITH ADDITIONAL DAMPING

4.1 Introduction

The response of lightly damped single panels to random excitation
has been discussed previously in Reference 12. The investigation was
concerned mainly with the vibration due to turbulent boundary layer
excitation, which introduced the problem of measuring panel damping in
the presence of an airflow. Random techniques can be used and there are
at least three possible alternatives; direct response spectrum analysis,
response autocorrelation decay, and excitation - response cross spectrum
analysis. For the particular experimental conditions, and for the
available equipment, the displacement autocorrelation method was found to
be the most accurate. However, the method suffered from the disadvantage
that it could be applied to only a limited number of modes.

The investigation has been extended to include a range of damping
coefficients, the panel damping being increased by the addition of an uncon-
strained  damping layer. The change in damping allows the methods of
damping measurement to be compared for a range of values of the ratio of
filter bandwidth to resonance bandwidth. The range of application of the
individual methods can then be determined. Also the vibration measurements
will show the effect of increased damping on the response of the panels to
boundary layer excitation.

4.2 Experimental Equipment
4.2.1 Boundary Layer Wind Tunnel

The experimental programme was carried out in the boundary layer
wind tunnel at the University of Southampton. The tunnel, which has been
described in detail by Bull (16), has a subsonic working section which is
10 feet in length, and a supersonic section. A general arrangement of the
tunnel is shown in Figure 11. The panel vibration investigation was carried
in the subsonic section at flow Mach numbers of 0+3 and 0-5.

The characteristic properties of the flow in the tunnel were

measured by Bull and are presented in Reference 16. The measurements were
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used to specify the aerodynamic conditions at the panel measuring positions.
The values of the most important parameters are listed in Reference 12.

4.2.2. Experimental Panels

In the investigation, two panels of rectangular planform were
considered. The panels were similar to one of the specimens discussed in
(12), and were mounted on 6-inch diameter plugs which could be placed &
several locations along the tunnel working section. The basic panel
dimensions were 4.0 in. x 2+75 in. x 0015 in., but one of the panels was
modified by the addition of a stiffener along the major axis, as shown
in Plate 3. The stiffener was of simple rectangular cross section with a
height of 0:875 inch and a thickness of 0+l inch. It was bonded to the panel
surface using an epoxy resin, and both ends were fixed.

Each panel could be enclosed in the pressure equalising box
described in (12), so that the static pressure differential present during
tunnel operation could be eliminated acrossthe experimental panels.

The vibration characteristics of the panels were measured by
subjecting the panels to discrete frequency excitation. The modal patterns
were identified in the first instance by sprinkling fine sand over the plate
surface, the mode shapes then being measured by traversing the displacement
measuring probe across the panel. Approximate mode shapes for the stiffened
panel are shown in Figure 21. Due to the high stiffness of the stringer, the
mode shapes and natural frequencies are essentially those associated with
two fully fixed panels, of half the basic panel area.

The damping of the panels was increased by the addition of an
unconstrained damping layer to the panel surface which was not exposed to
the airflow. The damping layer was bonded to the panel face.

4.2.3. Exciter-probe System

The excitation-response cross power spectrum method involves either
the direct measurement of the cross power spectrum, or the measurement of
the excitation-response cross correlation function from which the cross
power spectrum can be obtained by Fourier transformation. The latter

method was adopted in this investigation.

- -



Experimental difficulties prevent the monitoring, of the boundary
layer pressure field on the panels, and a second exciting force, provided
by means of an electromagnet, was used as a datum. Cross correlation
between the electromagnet excitation and the panel vibration eliminates
the vibration due to the boundary layer pressure field, because the electro-
magnetic and boundary layer excitations are uncorrelated, but the effects
of flow speed on modal damping are retained.

To allow the positioning of the measuring probe and the electro-
magnetic exciter in the pressure equalising box, a special combined ex-
citer-probe, shown in Plate 4, was designed for use with the Wayne Kerr
Vibration Meter BT31A. The exciter probe consists of a central core
which acts as a measuring probe and on which are wound two coils of wire.
The core is non-magnetic and one coil is required to supply a D.C.
bias to the magnetic field, which would otherwise be provided by the
permanent magnetic core of the standard exciter. The permanent magnetism
is required to minimise the frequency doubling effect which can arise
when the vibrating element has no permanent magnetism. The second coil
on the probe carries the alternating current associated with the exciting
force.

During the development stages, combinations of up to six coils
mounted on formers were used to determine the optimum construction. It
was found that any increase in excitation efficiency was countered by
increased problems of coil over-heating and eddy currents. In the arrange-
ment chosen finally the eddy current losses were negligible but heating of
the probe core could occur when operating for long periods.

The balance of the vibration meter measuring circuit is affected
by the combined capacitance of the probe and connecting cable. At the
time of investigation the maximum possible capacitance was 130pF. The
capacitance of the exciter-probe was approximately 95pF so that a
connecting cable with a length of only 3 feet was used in place of the 10
feet long cable fitted to the standard probe. The shorter cable connecting
the probe and the meter system was found to be acceptable for the measuring

positions in the tunnel.
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The probe was calibrated using a simple vibration rig and a
microscope with a vernier eyepiece. The system has been described in (12).
The calibration curve for the probe is shown in Figure 22, and it is seen
that the response is linear for the range of conditions shown. The
sensitivity of the probe is 1+T5 x lO—h inch/volt which is similar to the
calibration of 166 x l{}-l‘l inch/volt for the standard Wayne Kerr C Type
Probe. The sensitive element of the exciter-probe has a diameter of 0-1lk inch,
which is similar to that of the Wayne-Kerr C probe, but the surrounding guard
ring is larger in the exciter-probe to provide an increased heat sink.

The effect of the D.C. polarisation is shown in Figure 23. 1In the
absence of the direct current the panel does not distinguish between magnetic
attraction and repulsion, and it vibrates at twice the frequency of excitation.
The polarising current introduces a vibration component at the frequency of
excitation, and this component increases in importance as the degree of
polarisation increases. The phenomenon is most important when the excitation
frequency fe is half the value of a natural frequency.

The response at frequencies f and fe’ where fe = 0.5f

L1 0P &
and f is the panel fundamental natural frequency, shown in Figure 23 was

measui;i using narrow band filters. Curves of this type were used to determine
the polarisation current necessary to obtain a sufficiently large vibration
ratio at the frequencies f, and 2f . The effect of the frequency doubling
on the excitation-response cross correlation coefficient has been shown in (12).
In the damping measurements the excitation was restricted in general to a
frequency range in the neighbourhood of a natural frequency, and the limitations
were much less severe than those suggested by Figure 23.

L.2.4. Instrumentation for the Cross Power Spectrum Method

A schematic diagram of the excitation and response measuring circuits
is shown in Figure 24. The broad band output of the White Noise Generator
was passed through a filter with a variable bandwidth. The polarising current
to the coil was adjusted to the required value by means of a variable resis-
tance. The panel vibration was measured using a standard Wayne Kerr Vibration

Meter connected to the exciter-probe and the output signal from the Meter
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was recorded on one channel of a twin track tape recorder. The voltage
across the exciting coil was recorded simultaneously on the second channel
of the recorder, and the excitation and vibration signals were cross
correlated using the correlator at the University of Southampton (22).
When necessary the vibration signal could be used alone to determine the
autocorrelation coefficient.

To test the accuracy of the cross power spectrum method, a
preliminary investigation was carried out under zero airflow conditions.
The tunnel side plate carrying the experimental panel was suspended freely
as shown in Plate 5. Bandwidth limited white noise excitation was used
and the effect of the bandwidth on the excitation-response cross correlation
coefficient was measured. Figure 25, taken from (12), shows the variation
of correlation coefficient with excitation bandwidth for three conditions.
The maximum correlation coefficient increases as the bandwidth is reduced
hut never exceeds a value of 0-2. Hence, in subsequent work, a narrow
filter having a bandwidth of 4+5% at the half-power point has been used.
Maximum cross correlation coefficients greater than 0°5 were then obtained,
but errors could be introduced when the panel damping is heavy and the
resonance peaks have bandwidths greater than L4:5%.

4.3 Modal Damping
4.3.1. Theory

The use of random techniques in the determination of modal damping
has been investigated in (12), where the practical limitations were
discussed. The modal damping can be determined directly from the resonance
peaks of the measured displacement spectrum if the filter bandwidth is
smaller than the resonance bandwidth. In many cases it is not possible
to satisfy this condition, particularly when the damping is very light.

When the filter bandwidths are too wide for direct spectrum analysis, dis-
placement autocorrelation or excitation-response cross power spectral density
methods offer possible alternatives. In (12) it was found that, for light

damping and for the experimental conditions chosen, the displacement
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autocorrelation method, when its use was valid, gave a more accurate
estimate of the modal damping than did the cross power spectrum method.
The purpose of this investigation is to extend the work to include higher
modal damping whilst maintaining the same excitation conditions.

From (12) the excitation-response cross power spectral density

function can be expressed as

Splx), v =1 v, G [ e @ s (et wax ()
@ A

where SP(E,.E', w) is the excitation cross power spectral density,
Hu(w) is the transfer function or receptance, and ¢u(£) is the mode shape
for the mode of order a. The modal damping can be estimated when
s(p(x'), w(x"), w) is plotted in the complex plane, in a manner similar to
that of Kennedy and Pancu (23) for discrete frequency excitation. In
practice the excitation-response cross power spectral density function is
obtained by transforming the corresponding cross correlation function, and
a spectral window function ¢D(m - w') is introduced because of the
impossibility of achieving infimite time delays in practice. The measured

cross power spectral demsity function is:

s'(p(x'), w(x"),w) = E v, (x") %; IAwu(gc_) I:%(w - w')Ha(w')SP(_J_C_,E',m)dw'di

(4.2)

For single point excitation, with spectral density Sp(m),

s'(p(x'), w(x"),uw) = E wa(gf)wa(gﬁ)K %? Im 9y (0= u')Hu(w') duw"
(4.3)
where it is assumed that the excitation power spectral density is independent
of frequency, i.e. Sp(w) = K.
The error introduced by ore particular form of spectral window
has been investigated by Clarkson and Mercer (24), and corrections for

truncation can be applied to the measured results.
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When the autocorrelation method is used, it is shown in (12)
that the displacement autocorrelation function is given approximately by

the equation

-6 w T
a o
_ 2 re " J' ; " it i A
R, (1) g v, (x) o 7 B3 2 cos w T J Vo (x"v (x )CP(§ »x",0 Jdx' dx
o o o A A

(4.4)
where cp(i'*zﬂ’wa) is the real part of the pressure cross power spectral
density function evaluated at w = w,e For a multidegree of freedom
system it is assumed in equation (4.l4) that the natural frequencies are
well separated and the damping is small. Taking 1 as the independent
variable b i
Rd(r) = ¥ Z e % cos w,T (k.5)

a
where Zu is independent of t. Thus the approximate form of the
autocorrelation coefficient is a series of exponentially decaying cosines.
The method is of use in cases where the vibration in all but one mode can
be effectively excluded by the use of filters. The filtered signal will
then have an autocorrelation coefficient in the form of a single exponentially
decaying cosine.

It has been shown irn secticn 4.2.4 that, in order to obtain a
reasonably high excitation-response cross correlation coefficient, the
excitation bandwidth had to be limited so that effectively only one mode was
excited. Thus the problem is reduced to that of a single degree of freedom
system, and, for single point excitation, the excitation-response cross

coefficient function is
Wy

R(p(x'), w(x"), ) = 2y, (x")v (x")K I H (w) cos wrdw (L.6)
Wy

where w; and w; are the lower and upper cut off frequencies of an ideal

rectangular filter of bandwidth Aw = w; - w;, centred at the natural

frequency Wy of the mode. The excitation power spectral density is
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assumed to be constant over this frequency range and to have a value K.

If Aw is large relative to the bandwidth of Ha(m), increases in Aw will
have a negligible effect on the value of the integral and hence on the
correlation function. However the cross correlation coefficient will be
inversely proportional to the square root of the filter bandwidth. An
optimum will be reached when the excitation bandwidth is sufficiently narrow
to give a high cross correlation coefficient, but when it is sufficiently
wide for changes in bandwidth to have a negligible effect on the cross
correlation function. The requirement for a high cross correlation coef-
ficient arises from the need to obtain a correlation coefficient which
retains a value greater than the value associated with correlator instrument
error, over a time delay range which is large enough for the truncation
errors to be reasonably small when applying the Fourier transformation.

The practical limitations of the method will depend on the optimum conditions
for the excitation. The effect of the limitations can be shown by varying
the damping of the vibrating system when the excitation bandwidth is maintained
at a constant value, or by varying the excitation bandwidth when the damping
remains constant. The former method has been adopted in the present investi-

gation.

4.3.2. Damping Measurements

Damping measurements have been made on lightly damped panels by
Wilby (12). Similar measurements have been made on panels with greater
damping (which will be referred to as "medium" damping), and the damping
coefficients have been increased further by the addition of an unconstrained
damping layer ("heavy" damping). The results for the three ranges of
damping can be compared for excitation which was white noise, restricted
to a L4+5% frequency bandwidth for the cross power spectrum method.

Figure 25 shows the measured excitation-response cross correlation

coefficient for a mode with medium damping. The maximum value of the
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coefficient is approximately 0-8. The cross-power spectral density
obtained from the transformation of the coefficient is shown also in the
figure and, from.(24), the damping coefficient is estimated to be 0°0179.
This is 17% larger than the discrete frequency value shown in Table IV.

In Figure 26, similar data is presented for a lightly damped mode but in
this case the maximum correlation coefficient is only 0°+25 and the
coefficient decays, within a short time delay, to values which are comparable
to correlator error. The damping coefficient estimated from the cross
power spectrum is an order of magnitude greater than the discrete frequency
value (Table IV). In the lightly damped case the errors due to the small
cross correlation coefficient, or to the short time delay, are so large
that the resulting damping estimate is extremely inaccurate.

The excitation bandwidth in the two cases was 4+5%, but the effect
of the bandwidth can be shown more clearly if it is expressed in terms of
the bandwidth of the resonance peak of the structure. The resonance
bandwidth will be determined by the half-power points and can be obtained
approximately from twice the value of the damping coefficient. Thus, for
the data in Figure 25 the ratio of excitation bandwidth to resonance
bandwidth was 1°47 and in Figure 26 the ratio was 10°6.

Further data presented in Table IV shows that the autocorrelation
method gave damping estimates which were within +16% of the discrete
frequency values, and the autocorrelation method was unaffected by the
ratio of excitation bandwidth to resonance bandwidth.

Damping measurements for the unstiffened and stiffened panels
are shown in Tables V and VII respectively. In zero airflow conditions
the damping coefficients were obtained from amplitude-phase (GDl) and
amplitude (6D2) methods using discrete frequency excitation. The mean
damping coefficient, & , is also shown in the tables,and has values in

D . .
the range 0-0068 < & < 0-029. The damping coefficients obtained from

D
discrete frequency excitation can be compared in the tables with values

obtained from the excitation-response cross power spectrum method (GC)
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TABLE IV

Comparison of Damping Estimates for Modes with Medium and Light Damping

Method of Estimation

Damping Coefficient 6&

Medium Damping

Light Damping

Discrete Frequency 0-0153 0-00212
Cross Power Spectrum: from narrow 0°0179 0-0367
band excitation
Autocorrelation Coefficient: from 0-0157 0°+00203
narrow band excitation
Autocorrelation Coefficient: from — 0-00253
filtered response to broad band
excitation
TABLE V
Modal Damping of the 4°0 in. x 2:75 in. Panel
Mode 1-1 2-1 1-2 2 -2
Fmagnency 488 Thk 1396 1900
CoPeBe
Air flow
ft./sec. 0 320 0 320 0 320 0 320
6Dl 0°0163 = 0-0093 - 0-00T0 - 0-0069 -
Biss 0-0153 - 0-00745| - |0-0068( - | 0-0067 -
Sy 0:0158 - 0:0084 | - 0-0069 - | 0-0068 -
Gc 0-0179| 0-0210 | 0°0092 | 0+0098( 0-0085(0-0091| 0-0098|0+0083
SA 00159 | 0°0160 | 0.0068 |0-0061| 0+0080|0+00L41| 0-00T0|0°0051
§o/8, 1-132 - 1-095 - 1-231 - 1-hh1 -
§,/6 1-006 - 0-810 - 1-158 - 1-029 -
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TABLE VI

Modal Damping of the 40 x 275 in. Panel with Additional

Damping
Mode 1-1 2 =1
Frequency C.p.S. 540 920
Airflow ft./sec. 0 320 0 320
aDl 0-053 - 0053 -
S$po 0.056 - 0-058 -
GD 0-055 - 0-056 -
Gc 0-049 0-063 0°049 0°+051
SA 0+071 0-0T1 0+*069 0-068
SCIGD 0+924 - 0-924 —
GAIGD 1+3k0 - 1-301 -
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TABLE VITI

Modal Damping of Stiffened 4°0 in. x 2+75 in. Panel

with Additional Damping

Mode* 1 2 3 L
szg?zfcy 1730 1900 2010 2520
Airflow
ft./sec. 0 320 0 320 0 320 0 320

o1 0°098 - 0-081 - 0°078 - 0-075 -

I 0-092 - 0-087 - 0-081 - 0-083 -

85 0+095 - 0-084 - 0-080 - 0-079 -

8 0°083 ] 0-112( 0-073 | 0*07T6 | 0-079 [0°083 0-078 | 0-079

8y 0-057 | 0-088| 0°069 | 0057 | 0°059 |0°065 0:060 | 0061

8o/8 0-8Th - 0+870 - 0°987 - 0-987 -

aA/aD 0+600 - 0-822 - 0-T37 - 0°759 -

* See Figure 2
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and from the response autocorrelation method (GA). The random
excitation was narrow band white noise with a 4+5% bandwidth, so that
the ratio of excitation to resonance bandwidth was in the range of 3°31
to 0-78. The results show that in general the random excitation methods
over estimate the damping and that the cross power spectrum method has
the greater error. However the errors are much smaller than those which
arise when the damping is very light (Table IV).

When the unconstrained damping layer was added to the panels,
the damping coefficients measured by discrete frequency excitation increased
by factors of 3 to 6. Results for the two panels are contained in Tables VI
and VIII. Random techniques were again applied in the measurement of
damping, the excitation bandwidth being 4+5%. Under these conditions
the ratio of excitation bandwidth to resonance bandwidth lies in the
range of 0+24 to O-4l. The results in Tables VI and VIII show that, in
general, the cross power spectrum and autocorrelation methods now under-
estimate the modal damping, and that the autocorrelation method has the
largest errors.

The damping coefficients shown in Tables V and VIII can be
considered in relation to the assumptions used to establish the methods
theoretically. In the cross power spectral density method it is assumed
that for single point excitation, the exciting force has a constant power
spectral density over the frequency range of interest. This is necessary
if the resonance curve in the complex response plane (23) is to be used
directly, and it is assumed also in the derivation of equation (4.3).

The assumption is not necessary in the autocorrelation method, but
equation (4.5) depends on the assumptions that the natural frequencies
are well separated and the damping is small.

For an ideal rectangular filter the assumption of constant
excitation spectral density will be satisfied fairly well when the ratio
of excitation bandwidth to resonance bandwidth is greater than 1°5

approximately. In the case of a practical filter the assumption will be
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less accurate if the same bandwidth ratio is used, but the above bounding
value can be taken as a guide. On this basis the assumption of a constant
excitation spectral density is valid for both the modes in Table IV, but
for only some of the modes in Tables V and VII. It is not valid for the
modes in Tables VI and VIII and in this case the assumption of small damping
used in the autocorrelation method is also invalid. From the filter
characteristics, the cross power spectrum method would be expected to
underestimate the modal damping significantly when the bandwidth ratio is
less than 1*5 approximately.

When the assumptions are clearly satisfied, the ratio of
excitation bandwidth to resonance bandwidth being of the order 10, the
cross power spectrum method overestimates the modal damping by an order of
magnitude, but the autocorrelation methoed is reasonably accurate. When
the assumptions are satisfied only marginally, with a bandwidth ratio of
approximately 1+5, the cross power spectrum method overestimates the
damping but the error is only a factor of 1-5 to 2:0. The autocorrelation
method is still the more accurate, for the modes which satisfy the conditions
on the method. Under conditions for which the thecoretical assumptions are
no longer valid, with bandwidth ratios less than unity, snd high damping,
it appears that the cross power spectrum method predicts the modsl damping
with ressonable accuracy, end the autocorrelation methoc is in error. The
accuracy of the cross power spectrum method in these conditions is surprising
but it is due, probably, to the comtination of twe opposing effects. It
has bemn observed above that the cross correletion technicue tends to over-
estimate the damping. However if the variaticn of excitation spectral
density caused by the filter characteristic is large in the neightourhood
of the natural fregquency, it will have the effect of underestimating the
damping, unless corrections are made. The two effects will precvide a
certain emount of cancellation, and this may explain the apparent improved
performance of the cross correlation method.

The results indicate that the excitation-response cross power
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spectrum method, when used through the associated cross correlation function,
is of very limited applicatidn and tends to be less accurate than the auto-
correlation method when the necessary conditions are satisfied for each
method. The limitation on the use of the cross power spectrum method, to
conditions in which the ratio of excitation bandwidth to response bandwidth
is approximately unity, suggests that more reliable results may then be
obtained if the available filters are used in the direct analysis of the
resonance peak, and the peak bandwidth is measured.
L.3.3. Effect of Airflow
The effect of an airflow velocity of 320 ft./sec. on the modal

damping of the panels is shown in Tables V to VIII. Because of problems
discussed above, the results for the heavily damped panels should be treated
with caution, but, with one exception, all the modes show only a small change
of damping with flow velocity, the changes being of the same order of mag-
nitude as the experimental error. When the structural damping is large, the
acoustic damping will form only a small fraction of the total and the flow
parameters would be expected to have a very small effect on the total modal
damping. The results agree with those in (12), where significant changes

in the lightly damped panels were observed for the lowest order modes only.

4.4, Panel Displacement

4.4.1. Measured Response

The effect of the increased damping on the panel response has
been observed when the panels were exposed to an airflow velocity of
320 ft./sec. in the boundary layer wind tunnel. The panel displacement
spectra were measured for the undamped and damped conditions so that the
results could be compared.

The displacement of the panels was measured by means of a Wayne
Kerr capacitance probe, as discussed in (12). The output signal from the
meter was recorded on magnetic tape and analysed using the 2% bandwidth
filters of the Muirhead Pametrada Wave Analyser. The filtered signal was
integrated for 50 seconds to obtain a statistically reliable result.

Displacement power spectra for the undamped and damped panels are
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shown in Figures 28 to 31, where the response is expressed in terms of
the displacement for unit excitation. This is given by the ratio of the
displacement power spectral density to the excitation pressure power
spectral density. The measuring probe position (xl, x3) is related to
the Cartesian coordinate system with the origin at the upstream lower
corner of the panel, the xq and Xg directions being parallel to the panel
major and minor axes, respectively, and the positive X direction in the
flow direction. Measured response spectra for the undamped 4:0 x 2°75 in.
panel are shown in Figures 28 and 29 for two boundary layer thicknesses.
Measured spectra for the damped panel under similar flow conditions are
shown in Figures 30 and 31. The results have not been corrected for
resolution loss, but the errors will be small because the filter bandwidth
is equal to, or less than, the bandwidths of the peaks.

4. 4.2, Theoretical Response

The theoretical prediction of the response of simple panels to
turbulent boundary layer excitation has been discussed in (12) using the
normal mode approach, and it was seen that there was generally good
agreement between the predicted and measured responses. However the theory
tended to overestimate the panel displacement.

Using the notations of (12), the displacement power spectral
density function Sd(m) at position x, is given by the following equation;

which is similar to that of Powell (25).

Sq(w) = 1§ ¥, (0)vglB *wmg(w) JI vaamvams o toaxta ()

A A
where wu(g) is the mode shape of the mode of order o
Ha(w) is the complex response function for the mode of order o

Ha*(m) is the complex conjugate of Ha(m)

and Sp(ﬁ', x", w) is the excitation pressure cross power spectral

density function.
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For viscous damping, éu, the response function is

1

H (0) =
Mé(wé - w?) + 2i6awmu)

where Ma is the generalised mass and W, is the natural frequency. The
pressure cross power spectrum can be obtained empirically from Bull (1, 16)
and analytic representations of the excitation field are summarised in
Appendix A of (12).

The displacement spectral density function has been determined
analytically in (12), with the assumption that the mode shapes are similar
to those of a simply supported panel. That is,

mmx nmwx

¥ (x) = sin 3 sin 3 (4.8)
o~ Ll L3

where Ll, L3 are the panel dimensions in the X)5 Xg directions respectively.
The results can be used to estimate the response of the medium and heavily
damped panels, although assumptions of light damping in the theoretical

work may not be completely valid. Because of the high stiffness of the
central stiffener, the stiffened panel can be considered, approximately,

as two fully fixed panels.

In (12) it was shown that the cross terms in equation (L4.7), i.e.
terms for which a # B, could be neglected for the lightly damped panels.
This is not necessarily true for the present structures where the damping
is high, and the contributions from the cross terms have to be considered.

Displacement spectra have been calculated for the experimental
panels, under the experimental conditions shown in Figures 28 to 31. The
spectra, based on the joint terms (a = g) only, are shown in the appropriate
figures. In Figures 29 and 31 the cross term conbributions have been
estimated and the combined spectra are shown. In Figure 29 it is seen that
the cross terms make only a small contribution to the total displacement
spectral density, but in Figure 31, where there is heavy damping, the
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cross terms have a significant effect, even though the natural frequencies
are well separated.

4.,4,3. Discussion

The results in Figures 28 to 31 show that, with the exception of
the 1-2 mode in Figure 29, the theory predicts the response to a reasonable
degree of accuracy. The presence of the damping treatment increases the
panel natural frequencies slightly, but the main effect shown is that of
the reduced level of vibration, particularly at the natural frequencies. The
measured and estimated spectra show that the presence of the damping changes
the resonant peak spectral density by factors of 10-2, approximately, but
as is to be expected the change in response at the frequencies of the
spectral troughs is much less marked. The theoretical spectra have been
calculated using measured natural frequencies in the undamped and damped casés,
so that the results will not show any predicted variation of natural frequency
with damping. Otherwise the theory predicts fairly accurately the variation
of the response spectra with damping.

4,5, Conclusions

From the investigation into the vibration of undamped and damped
panels, conclusions can be drawn regarding the methods of measuring modal
damping, and the effect of damping on boundary layer induced vibration.

(a) Consider conditions specified by the frequency ratio which is
defined as the ratio of the filter bandwidth to the bandwidth of the resonant
peak, both bandwidths being measured at the half-power point.

When the frequency ratio is large relative to unity (i.e. of the
order of 10) the excitation-response cross spectral density method, through
the cross correlation function, overestimates the damping excessively (by
a factor of 10 for the conditions investigated). When the ratio is of the
order of unity the method still overestimates the damping but to a much
smaller degree of error (factor of 2). Finally, when the ratio is less
than unity the method appears to give a reasonable estimate of the damping,
but this may be fortuitous because of the cancelling effect of two opposing

errors (Section 4.3.2.).
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(b) 1In all cases where the modes could be separated into single
degree of freedom systems, and the damping was not too large, the displace-
ment autocorrelation method gave reliable estimates of the modal damping.

(c) Based on the results of the present investigation, and the
results in (12), the following recommendations are proposed for the use
of random techniques in the measurement of damping.

(i) When the frequency ratio of filter bandwidth to the measured
bandwidth of the resonant peak is less than 0+25, then the damping
be estimated from the measured bandwidth of the peak.

(ii) When the frequency ratio is greater than 025, when the natural
frequencies are well separated, and when the resonant peaks are
large relative to the neighbouring spectral troughs, then the
response autocorrelation method be used.

(iii) When conditions (i) and (ii) are not satisfied, the structure
shall be excited by narrow band white noise, and the excitation-
response cross power spectrum method, through the cross correlation
function, be used.

(iv) The alternative method to (iii), using the direct measurement of
the excitation-response cross power spectral density, has not been
investigated. This method may be more accurate than method (iii),
in which case it might provide an alternative to method (ii).

(d) The measurements show no significant variation of panel
damping with flow velocity or boundary layer thickness.

(e) The effect of damping on the vibration of simple panels
exposed to turbulent boundary layer excitation is similar to that pre-
dicted from the normal mode approach. As predicted, the greatest change
of response occurs at the panel natural frequencies. When the damping
is heavy, cross term contributions to the theoretical response spectra

become significant and have to be included.
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5. THE RESPONSE OF MULTI-PANEL ARRAYS TO RANDOM EXCITATION

5.1. Introduction

The vibration of simple panels exposed to random excitation in the
form of a turbulent boundary layer pressure field or acoustics plane waves,
is discussed by Wilby in Reference 12. In the discussion it was
observed that the simple panels were not very representative of practical
structures and that it would be advisable to consider the vibration of more
complicated structures in the form of multi-panel arrays.

Two multi-panel arrays, constructed by the bonding of stiffeners
to the basic panels, have been investigated. The vibration has been measured
when the arrays were exposed to the turbulent boundary layer pressure field
in the wind tunnel and, for one array, comparative measurements were
carried out for excitation composed of grazing incidence acoustic plane
waves. In all cases the displacement power spectral density was measured
for one or more panel bays, and, for boundary layer excitation, displacement
cross correlation measurements were made between several bays of the array.
In addition the panels were excited at discrete frequencies in order to
identify the normal modes of the structures.

In the presentation of the results it has been possible to make
comparisons with theoretical predictions but, at the present stage, this is
limited mainly to the determination of natural frequencies and normal mode
shapes. Future work at the Institute will enable estimates to be made of
the vibration due to the random excitation, and comparisons will be made
with the measurements.

5.2. Experimental Equipment
5.2.1. Panels

The experimental panel arrays were made by bonding thin sheets of
steel to frames which had the same dimensions as the side plates of the

boundary layer wind tunnel. The frames surrounded 22 inch x 6 inch
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rectangular apertures which formed the effective area of the basic panels.
For constructional reasons the plate length was chosen to be within the
longitudinal dimension of a tunnel side plate, and for aerodynamic reasons
the length was restricted so that the boundary layer characteristics did not
change appreciably over the panel surface. The panel width was restricted
so that the panel surface was not affected by the three-dimensional boundary
layer in the corners of the tunnel working section. Each panel had a
thickness of 0°015 inch.

The stiffeners were bonded to the panel surface and secured at the
ends by means of clamps. The stiffeners were parallel to the 6 inch side of
the basic panel, and were 0+015 inch thick. The stiffeners had "L" shaped
cross sections, each arm of the "L" being 0:25 inch in length.

Two panel arrays were tested, one having four bays of dimensions
5+5 in. x 6°*0 in. x 0°015 in., and the second having eight bays with
dimensions 2°75 in. x 6+0 in. x 0015 in. In each case the 6°0 inch dimension
was perpendioular to the direction of flow in the tunnel. The eight-bay
array is shown mounted in the tunnel side wall in Plate 6.

5.2.2. Pressure Equalising Facility

As described previously (e.g. Volume I) the static pressure in
the wind tunnel is below atmospheric pressure when in operation. The static
pressure differential across the single panels was eliminated by enclosing
one face in a small box which could be equalised to the tunnel static
pressure. The box could not be used for the panel array but a large chamber
with dimensions 16 ft. x 12 ft. x 8 ft. was constructed around the tunnel
working section to serve the dual purpose of pressure equalisation and a
noise measuring environment. The chamber is of double wall construction
with sand filling the intermediate volume. It can be partially evacuated to
provide a receiving volume which is at the same static pressure as the
tunnel working section. The evacuation is achieved by means of a vacuum

pump, fine control being provided by manual operation of a series of valves.



5.2.3. Vibration Measuring Equipment

The panels used in the investigation were too thin to permit
the attachment of measuring instruments without significantly altering
the vibrational characteristics of the structures. Hence a non-contacting
Wayne Kerr capacitance probe was used, and the panel vibration was
measured in terms of the panel displacement.

The probe could be mounted on a traverse gear which allowed
movement over the entire panel surface. The traverse gear had provision
for the simultaneous use of several probes at different positions on
the panel array, and two probes were used for the correlation measurements
of the panel displacement. The complete side plate with the panel array,
traverse gear and probe system could be placed in four positions along the
tunnel working section, or could be removed from the tumnel for discrete
frequency excitation in free space, or for random acoustic excitation in
the siren tunnel. The signals from the capacitance probes were recorded
on magnetic tape and analysed on a Muirhead Pametrada Wave Analyser,
using filters of 1+2% bandwidth, when the displacement spectra were
required, or on the Institute correlator when the displacement correlation
coefficient was being measured.

5.3 Panel Normal Modes

5.3.1. Discrete Frequency Excitation

Plate 7 shows the multi-stiffened panel array in position for
the identification of the mode shapes using discrete frequency excitation,
which was produced by means of an electromagnet. When measuring the
mode shapes two probes were used and these could be traversed across the
panel surface so that the amplitude and relative phase of the displacements
at two positions could be measured. In general one probe was placed at a
reference point on one of the bays and the second probe was placed at
several positions en the same bay and on other bays. Measured mode shapes
are shown in Figures 32 and 33.

5.3.2. Damping Measurements

The damping in each mode was measured from amplitude-response
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curves drawn on an X-Y Plotter, but in certain cases where the resonance
peaks could not be identified easily the damping measurements were
carried out using a Resolved Components Indicator with the excitation
signal as the reference.

The damping in the boundary layer tunnel in the presence of
the airflow was measured using the special exciter probe described in
Section 4. This latter method involved the use of the excitation-
response cross power spectrum, determined from the Fourier transform of
the associated cross correlation function and, as indicated in Section 4,
it is liasble to over estimate the damping by a significant factor. The
displacement autocorrelation method, which often provides the most
reliable estimates of the damping, could not be used because of the close
proximity of the structural natural frequencies.

Measured values of the modal damping ratios are shown in
Table IX for several conditions.

5.3.3. Calculated Freguencies and Normal Modes

The natural frequencies and mode shapes of multi-stiffened
panels have been calculated by Lin (26), Mercer (27), and Mercer and

Seavey (28). Based on the equation of motion of a single bay df the

panel array o
i.e. Vzvzw = - h—p H
D dt2

Lin determined the upper and lower bounding modes, designated as the
stringer bending and torsional modes respectively, for a given band of
modes. The work of Mercer and Seavey has enabled the calculation of the
natural frequencies and mode shapes of the intermediate modes for either
regularly or irregularly spaced stiffeners, and the method has been
used to calculate mode shapes and natural frequencies for the experimental
panel arrays. Theoretical mode shapes for the eight-bay array are shown
in Figure 32. In some cases the predicted mode shapes differ from those
measured. This is due, probably, to errors in manufacture of the arrays
creating non-identical panel bays.

Measured and predicted natural frequencies are contained in

Table IX.
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5.4 Response Spectra
5.4.1. Boundary Layer Excitation
The response of the four-bay and eight-bay arrays to boundary

layer excitation has been measured at a flow velocity of 329 ft./sec. (Plate 6)
and typical spectra are shown in Figures 34 to 36. The measurements for the
eight-bay array are shown for the values of the boundary layer thickness
which occur at the extremes of the range available, and at one boundary
layer thickness response spectra are shown for two different bays. In all
cases interest was centred mainly on the first band of natural frequencies,
the band being bounded by the first stringer torsional and bending modes,
so the displacement was measured at the centres of the bays. The spectrum
for the four bay array shows four resonant peaks, but only seven resonant
peaks were measured for the eight-bay array. In the latter case there was
no measurable response at the eighth natural frequency in the band.

Theoretical response spectra have not been calculated for the
experimental panels but, as a first approximation, the response in the
stringer torsional mode has been estimated using the theory developed for
the single panel. (See Ref 12)In this case it is assumed that the mode
shape is the same as that for a mode (m, n) of a simply supported single
panel where m, the number of modal half wavelengths along the panel length,
is equal to the number of bays in the panel array, and n is taken to
be unity. Thus for the eight-bay array, the equivalent simply supported
mode of order (8, 1) was considered. In this approximate method the
measured natural frequency is used, but otherwise the effects of the
finite mass (12% of the panel mass) and dimensions of the stiffeners are
neglected.

The calculated response in the stringer torsional mode is shown
in each of the Figures 34 to 36 and it is seen that there is a certain
amount of agreement (the measured resonance peaks have not been corrected
for loss of resolution) but the theory over estimates the response in all
cases. This follows the trend shown in Ref. 12 for the single panels and,
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as discussed in the earlier results, errors of this nature can arise because
of the assumed mode shapes. Close agreement between experiment and theory
can not be expected, so that the results, especially for the eight-bay array,
are satisfactory. The associated boundary layer pressure spectra are shown
in Reference 12.

When the measured spectra for the two boundary layer conditions in
Figures 35 and 36 are compared it is seen that below 40O c.p.s., i.e. for the
five lowest order modes, the response to unit excitation is greater for the
thinner boundary layer. For the two highest order modes shown, the response
is greater when the panel array is exposed to the thicker boundary layer.
The measured variation of modal response with boundary layer thickness is
shown in Figure 37, where the displacement power spectral density is plotted
for the natural frequencies of the panel array.

When considering the lowest order (stringer torsional) mode the
simplified theory predicts a change in response spectral density with
boundary layer thickness which is very similar to that measured.

5.4.2. Siren Excitation

The vibration of the eight-bay array has been measured when
exposed to siren excitation, which is composed of random acoustic plane
waves at grazing incidence. The panel side plate was mounted in the
opening of the working section of the siren tunnel, the remaining open
area being blocked by heavy wooden boards. The structural modal damping
was measured under these experimental conditions because the radiation
impedance differed from that in the boundary layer wind tunnel. The
measured damping coefficients are contained in Table IX.

The noise spectrum measured in the siren tunnel is shown in
Figure 38 and it is seen that the frequency range is limited, effectively,
to the range 100 c.p.s. to 1,000 c.p.s. However the present investigation
is restricted to bands of natural frequencies which lie in the range of
150 c.p.s. to LOO c.p.s. so that the results will not be affected by
siren tunnel limitations. A response spectrum, for the frequency range

of interest, is shown in Figure 36.
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5.4.3. Comparison of Response Spectra

When the panel response spectrum in Figure 36 for acoustic
excitation is compared with response spectra to boundary layer excitation,
shown in Figures 35 and 36 for the same position on the panel array, it
is seen that the acoustic excitation produces the largest response in the
three lowest order modes whilst the boundary layer excitation causes the
largest response in the highest order modes in the band. In all cases the
response is taken to be the displacement power spectral density for unit
excitation spectral density, so that the comparison excludes the effect of
excitation power spectral density. Thus the observed variations are due
to changes in the excitation correlation pattern, or to changes in the
modal damping.

When the experimental damping coefficients associated with the
two excitation conditions are compared in Table IX, it is seen that the
modal damping measured in the boundary layer wind tunnel when the airflow
is present exceeds that measured in the siren tunnel. The difference
between the damping ratios is greater for the lower order modes than it is
for the higher order modes. This variation will contribute to the change
in spectrum shape with type of excitation but the measured spectrum change
is much greater than that associated solely with the damping change. Thus
the effects of the excitation correlation pattern will have to be included
before a complete discussion of the spectra is possible.

The shape of the displacement spectrum for the centre of the
fourth bay of the eight-bay array has been estimated from (29) for
acoustic excitation. As a first approximation it was assumed that the
damping was independent of frequency and typical stiffener characteristics
were assumed. The spectrum (Figure 39) is similar in shape to that measured,
in so far as there is no mode which dominates the response. The assumed
damping was higher than that measured so that the estimated resonance peaks

are not as prominent as those in the measured spectra.
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5.5. Response Correlation Measurements

5.5.1. Displacement Cross Correlation Coefficient

The displacement cross correlation between the centres of pairs
of panels has been measured for the eight-bay array and the resulting cross
correlation coefficients are shown in Figures 40 to Lk.

In Figures 40 and 41 displacement cross correlation coefficients
are shown, over a positive time delay range, for two boundary layer thicknesses
and for a series of measuring probe separation distances El. Because the
probes are placed at the centres of the bays the values of El are integral
products of the bay length of 275 inches. In each case bay 3, numbering
from the upstream edge of the array, is taken as the datum. The measure-
ments show the expected fall-off of correlation coefficient as the
separation distance increases, but the coefficient for each probe separation
shows a strong periodic component, with low frequency modulation. Figure L2
shows similar results for the measured correlation coefficient between
adjacent bays, with bay 6 as the datum.

When positive and negative time delays are considered,
correlation coefficients are obtained with the forms shown in Figures L3
and 44, In Figure 43, for a probe separation of one bay length (2:75 inches)
the correlation coefficient shows a certain degree of symmetry about the
zero time delay axis, with a maximum correlation coefficient amplitude of
about 0°3. When the separation is increased to four bay lengths (11 inches)
the maximum cross correlation coefficient is reduced by a factor of 2 and
there is no evidence of symmetry.

A general inspection of the correlation data in Figures 40 to Lk
shows that there is a degree of correlation between the panel bays which are
close together, and the symmetrical shape of the coefficient about t = 0
indicates that the vibration system is predominantly one of standing waves.
When the bay separation is increased there is little correlation between
the bay displacements and there is no overall indication of a standing or
running wave system. A preliminary analysis of the envelope of the cor-

relation coefficient indicates the presence of an overall maximum value of
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the coefficient for each separation distance, the time delay at which this
maximum occurs being greater for the greater separations. If this phenomenon
is interpreted as being associated with a wave velocity in the panel array,
the value of the velocity is 13,500 ft./sec. approximately.

5.5.2. Displacement Cross Power Spectra

For certain experimental conditions the displacement cross correlation
coefficients have been transformed to give the displacement cross power spectra,
and results for bay pairs (3, 4), (3, 5), (3, 6) and (3, T) are shown in
Figures 45 to 48. The spectra in Figures L5, 46 and 48 are associated with
the cross correlation coefficients in Figure 4O. The cross spectra show the
presence of several resonance-type loops which can be associated with the
natural frequencies of the array. When one particular natural frequency is
considered the cross spectrum will show the relative phase of the displace-
ment in each bay and an estimate can be made of the associated mode shape.

If a sufficient number of cross spectra are measured the presence of standing
or running waves can be investigated for each of the modes.

5.6 Conclusions

The vibration of two multi-panel arrays has been measured when the
arrays were exposed to turbulent boundary layer excitation. Also the
vibration of the eight-bay array was measured under random acoustic excitation.
However the investigation has not been completed and only tentative conclusions
can be drawn at the present stage.

The response in the lower order modes of the first mode band was
greater for siren excitation than for boundary layer excitation but the
converse was true for the higher order modes of the band. Part of the
difference in the spectrum shape is due to changes in modal damping due to
the presence of the airflow in the tunnel, but account must be taken also
of the changes in matching between the mode shapes and the excitation cor-
relation patterns for the two pressure fields.

A coarse estimate of the response in the stringer torsional mode
can be obtained from the single panel theory, but the theory overestimates

the displacement.
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Displacement cross correlation measurements between panel bays
indicate that standing wave systems exist within two or three bay lengths
but the waves die out over larger separation distances. The cverall
correlation coefficient did not show the presence of running waves. There
is a fairly strong standing wave system because of the low torsicnal

stiffness of the stringers.
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6. GENERAL CONCLUSIONS

Work on several topics which can be considered separately, but which
are associated with the general investigation of boundary layer prescure
fluctuations and boundary layer induced vibration, has been discussed, and
summaries with detailed conclusions have been presented at the end of each
section. It is possible to draw now several general conclusions from the
investigation as a whole.

(a) Random techniques can be used to measure the modal damping of
structures, and usually the most accurate results are obtained by means of the
response autocorrelation decay method. This is especially true when the
response can be separated into a series of single degree of freedom systems
with damping which is not too large. If filters with bandwidths which are
narrow compared with the bandwidths of the resonance peaks are available,
damping estimates can be obtained from the measured bandwidth of each resonant
peak. The excitation-response cross power spectrum method, via the cross
correlation function, is very sensitive to the accuracy of the correlator,
and the method can be very inaccurate.

(b) The vibration of stringer-panel arrays exposed to boundary
layer excitation shows the presence of standing wave systems extending over
several bay lengths when the stringers have low torsional stiffness. The
standingwaves occur in spite of slight irregularities in bay dimensions which
arise in manufacture. Considering the vibration in the first band of modes,
the presence of the airflow has a greater effect on the damping than was the
case for the smaller,single panels. However, taking the changes of damping
into account, the vibration of the arrays caused by siren excitation was
greater than that caused by boundary layer excitation for the lower order
modes, whilst the converse was true for the higher order modes of the band.

(¢) Measurements of the low frequency noise in the boundary layer
wind tunnel indicate that it is not associated with the amplification of low
frequency disturbances in the tunnel inlet, but it has not been possible to

distinguish between acoustic radiation from the turbulent boundary layer and
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injector noise propagated in an upstream direction. Thus further work is
required before wind tunnels can be used for low frequency investigations
of the boundary layer fluctuating pressure field and the boundary layer
induced structural vibration.

(d) The growth of turbulent spots in the laminar-turbulent
transition region of the boundary layer occurs in two phases, the spread
of the turbulent spots being 30, approximately, for Reynolds numbers
(based on laminar momentum thickness) less than 500, and about 11° for
higher Reynolds numbers. In both stages, measurements of the pressure
spectra and the pressure-velocity cross correlation show that the turbulent
spots act like small autonomous regions of turbulent boundary layer. This
suggests that the vibration of structures beneath the transition region
can be estimated from measurements in the fully turbulent region. However
there will be additional low frequency vibration caused by the disturbance
of the mean flow by the turbulent spots. The excitation at the low
frequencies may be of similar intensity to that associated with the fully

developed turbulent boundary layer.
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Plate 1 Fixed aerofoil and microphone,
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Plate 2 Probe microphone and aerofoil
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Fig. 15. Variation of sound pressure level along
tunnel working section centre line.
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Fig. 16. Variation of sound pressure level across
the tunnel working section .
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Fig. 19. Effect of tunnel inlet conditions on noise field.
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Fig. 21. Mode shapes and frequencies tor stiffened
panel
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CROSS CORRELATION COEFFICIENT
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Fig.25 Effect of excitation bandwidth on cross
correlation between excitation and response.
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Fig. 32. Mode shapes for 8-bay array.
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Fig. 33 Measured mode shapes for 4 _bay array .
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Fig. 36 Response spectra for 8 bay array :
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Fig. 37 Measured variation of modal response with
boundary layer thickness: eight- bay array.
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Fig. 41. Displacement cross correlation coefficient
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Fig. 45 Displacement cross power spectrum for bays
3 and 4 of 8 bay array :boundary layer excitation.
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Fig. 46. Displacement cross power spectrum for bays
3and 5 of 8-bay array: boundary layer excitation.
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Fig. 47. Displacement cross power spectrum for bays
3 and 6 of 8- bay array : boundary layer excitation.
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